Spin, an extra degree of freedom to electron charge, has led to exciting ideas of spintronic devices and spin-based quantum information processors and memories. [1] [2] [3] [4] Essential to these devices is our ability to generate electron spin polarization by a spin aligner or a spin filter. During the past decade, we have witnessed a rapid progress in developments of spin filters based on, e.g., diluted magnetic semiconductors. 5, 6 Recent calculations suggested spin filters based on nonmagnetic semiconductors 7, 8 as an attractive alternative because of their immediate compatibility with existing semiconductor technology and the absence of harmful side effects accompanying introduction of magnetic impurities. Most recently, Wang et al. 9 reported that spin-dependent recombination ͑SDR͒ processes via spin-filtering Ga i selfinterstitial defects can transform nonmagnetic Ga͑In͒NAs into an efficient spin filter operating at room temperature ͑RT͒ without applying a magnetic field, i.e., under conditions desirable for device applications. Spin polarization of conduction band ͑CB͒ electrons as high as 32% can be achieved in thick GaNAs epilayers. 9 The actual value could be even higher if one takes into account the fact that optical polarization P o of the band-to-band ͑BB͒ transition, which was employed to monitor electron spin polarization P e , could severely underestimate P e as a result of strong mixing of heavy-hole ͑hh͒ and light-hole ͑lh͒ valence band ͑VB͒ states and also a spectral overlap between the e-hh and e-lh BB transitions.
It is well known that modern semiconductor electronic and optoelectronic devices are nearly exclusively based on thin layered and quantum structures grown by epitaxial techniques. To add the spin degree of freedom to these devices for future multifunctional applications, spin-enabled functionality must be effective in quantum and nano structures. The aim of this work is to address this issue by investigating spin-filtering properties in GaNAs/GaAs quantum wells ͑QWs͒ with a width ͑L z ͒ in the range of 3-9 nm.
The studied QWs were grown by molecular beam epitaxy on a ͑001͒-oriented semi-insulating or n + GaAs substrate, and were capped by a 250 nm thick GaAs layer. All structures contain seven periods of GaNAs/GaAs QWs with ͓N͔ = 1.6% and L z = 3, 5, 7, and 9 nm, sandwiched between 20.2 nm GaAs barriers. Both continuous-wave ͑cw͒ and time-resolved optical orientation techniques were employed at RT. A laser beam propagating parallel to the growth axis, from a cw Ti-sapphire laser or a mode-locked Ti:sapphire laser ͑with a pulse width of 1.5 ps and a repetition frequency of 80 MHz͒, was used as an excitation source. Typical excitation power was up to 300 mW ͑cw laser͒ and 100 mW ͑pulsed laser͒, focused on a spot of approximately 0.1-1 mm. The excitation wavelengths of 832 nm ͑cw͒ and 790 nm ͑pulsed͒ were chosen to induce BB absorption involving hh and lh in GaAs, such that a preferential spin orientation of CB electrons can be created with a maximum value of ͉P e ͉ = 50%. 10 Under such excitation conditions, most of the carriers participating in the BB recombination in the GaNAs QWs were injected from the GaAs barriers and the cap layer. Resulting photoluminescence ͑PL͒ was detected in a backscattering geometry by a charge-coupled device in cw experiments or a streak camera with an overall time-resolution of 8 ps in time-resolved experiments. Circular-polarization of excitation light was provided and that of PL was analyzed by using a quarter-wave plate together with a linear polarizer. Optically detected magnetic resonance ͑ODMR͒ experiments were done at 9.14 GHz and 4 K, by detecting spin-flip induced changes of the BB PL emission.
The principle of an SDR process via a spin-filtering defect such as a Ga i defect is schematically illustrated in Figs. 1͑a͒ and 1͑b͒. 9 Under linear excitation ͑ x ͒, no preferred spin orientation is created for CB electrons or the electron bound to the paramagnetic defect. As a result, the defect randomly and equally depletes photogenerated CB electrons of both spin orientations, resulting in fewer carriers participating in the BB transition. In contrast, under circular excitation ͑ + or − ͒, CB electrons are photogenerated with a preferential spin orientation. 10 This subsequently drives the defect electron to the same preferred spin orientation via dynamic spin polarization, 9, [11] [12] [13] [14] yielding spin blockade of further capture of CB electrons and thus an enhanced BB transition. Once a CB electron undergoes a spin flip, it will rapidly be depleted by the defect such that a high degree of spin polarization of CB electrons is maintained. 13 Such spin-filtering effect is manifested by a higher intensity and polarization of the BB PL.
Representative BB PL spectra from the studied QWs are displayed in Figs. 1͑c͒ and 1͑d͒. The spin-filtering effect is distinctly evident from ͑i͒ stronger BB PL intensity under + excitation than under x excitation ͓Fig. 1͑c͔͒ and ͑ii͒ stronger + -polarized PL component ͑I + ͒ as compared with − -polarized component ͑I − ͒ under + excitation ͓Fig. 1͑d͔͒. A summary of the results from the QWs with different widths is given in Fig. 2͑a͒ . To quantify the spin-blockade effect, the results are presented in terms of an SDR ratio, defined as I͑ + or − ͒/I͑ x ͒ where I͑ + or − ͒ and I͑ x ͒ are total BB PL intensities under circular and linear excitation, respectively. The spin-filtering effect and the resulting CB electron spin polarization is assessed from PL polarization
A monotonous increase in the SDR ratio from 1.3 to 1.66 was clearly observed with increasing L z from 3 to 9 nm. This spin-blockade effect is closely correlated with the spin-filtering effect, evident from an increase in P o from 8% to 18%. It should be pointed out that P o =−P e ͑or P o =+P e ͒ when only the e-hh ͑or e-lh͒ emission is monitored and there is no hh-lh mixing. The measured P o values were obtained by monitoring the shorter wavelength side of the BB PL emission, which is dominated by the e-hh emission, to minimize the spectral overlap with the longerwavelength e-lh emission and resulting compensation in optical polarization. However, at such higher detection energies, hh-lh mixing becomes stronger and could in principle lead to an underestimate of P e by up to 50%. 15 The measured P o values thus represent the low bound for P e . Nevertheless, the trend of increasing P e with increasing L z is apparent. Different from P e , the SDR ratio does not suffer from such complications because it monitors the total BB PL intensity ͑i.e., I
+ +I − ͒ and no compensation in optical polarization occurs in this case.
The observed increases in the SDR ratio and P e with increasing L z reveal stronger effects of spin blockade and spin filtering in the wider QWs. In principle, several factors can contribute to this trend. First, the radiative recombination of the BB transition can accelerate with decreasing L z due to a stronger overlap of wave functions between CB electrons and VB holes. It competes with the SDR via the spinfiltering defects and could undermine the latter. Second, spin relaxation of CB electrons may vary with L z under the D'yakonov-Perel ͑DP͒ mechanism. [16] [17] [18] If spin relaxation rate becomes comparable with or exceeds the capture rate of CB electrons by the defects, the latter will no longer be able to catch up with spin relaxation and to deplete spin-flipped CB electrons, leading to a reduction in spin-filtering efficiency. Third, if the unit-volume density of the defects remains the same in all QWs, which is determined by the identical growth conditions and N composition, the area ͑or sheet͒ concentration ͑and thus the total number͒ of the spinfiltering defects increases with increasing L z . Thus, twodimensional ͑2D͒ CB electrons in the wider QWs are more probable to be spin-filtered by the defects than that in the narrower QWs.
To examine relative importance of the aforementioned mechanisms, we employed time-resolved optical orientation at RT. The results from the QWs with L z = 3 and 9 nm under linear and circular excitation are shown in Figs. 3͑a͒ and  3͑b͒ . If the BB PL were governed by the radiative recombination, a faster decay would be expected for the narrower QWs in the absence of spin blockade under linear excitation. This contradicts with our experimental observation of an overall faster decay in the 9 nm QWs than that in the 3 nm QWs. This finding is consistent with the assumption that carrier recombination is dominated by the SDR process via the defects, if spin-filtering should be effective. 9 The radiative recombination of the BB transition must be much less efficient as compared with the SDR process, and therefore its modification by quantum confinement cannot be the reason for the observed change in spin filtering between the QWs with different L z .
The observed transient behavior of the BB PL under circular excitation can be characterized by two decay components, 19 distinctive to the physical processes involved 
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in the SDR. Immediately after the laser pulses, photoexcited electrons were quickly captured by the paramagnetic defects, which is too fast to be resolved within our instrument limit of 8 ps. The subsequent capture of holes by the defects, after each of the defects has been occupied by two electrons, gives rise to the observable fast PL decay component ͓ϰexp͑−2t / h ͒ ͑Ref. 19͔͒ shown in Fig. 3 . During the processes, dynamic spin polarization takes place for the defect electrons leading to spin blockade of further carrier capture and recombination via the defects. After that, carriers can only be captured by the defects upon spin flips of CB electrons, characterized by a spin relaxation time s , which corresponds to the slow PL decay component ͓ϰexp͑−2t / s ͒ ͑Ref. 19͔͒ in Fig. 3 . Whereas the fast PL decay process occurs under both circular and linear excitation, the spin relaxation process is only important under the condition of spin blockade, explaining the difference between the PL decays under circular and linear excitation. From a best fit of the experimental data, s = 100Ϯ 10 ps and 120Ϯ 10 ps were obtained for the QWs with L z = 3 and 9 nm, respectively. This variation in s with L z , expected from the DP spin relaxation mechanism, is in agreement with earlier results from GaAs QWs. 18 In any case, a change from s = 120 to 100 ps can only decrease the SDR ratio from 1.66 to 1.5 estimated from a rate equation analysis. 9, 14 This cannot account for a reduction from 1.66 to 1.3 observed in our experiments ͓Fig. 2͑a͔͒, excluding a change in spin relaxation of CB electrons as the dominant mechanism for the observed change in the spin-filtering efficiency between the QWs.
As the BB radiative recombination and CB electron spin relaxation are both insufficient to explain our experimental findings, a change in the sheet concentration of the spinfiltering defects could be the most likely cause. This is in fact indicated by the fitting parameters of h =42Ϯ 4 ps and 32Ϯ 4 ps for the QWs with L z = 3 and 9 nm, respectively. As h =1/ ␥ h N ↑↓ , 9, 14 where ␥ h is a hole capture coefficient and N ↑↓ the concentration of the defects occupied by two electrons, the shorter h in the wider QWs evidences for a higher defect concentration that can lead to stronger spin-filtering effect. A rate equation analysis supports that the measured difference in h is sufficient to account for the difference in the SDR ratio between the two QWs. This conclusion was further confirmed by our ODMR results, which show that ODMR intensities of the spin-filtering defects 9 ͑i.e., Ga i interstitial defects denoted by Ga i -A and Ga i -B͒ increase with increasing L z ͓Fig. 2͑b͔͒. As the ODMR intensity scales with the 2D carrier capture and recombination rate via the defects, 9, 20 which is proportional to the sheet defect concentrations, the observed increase of the ODMR intensities signifies a corresponding increase in the sheet concentrations ͑and thus the total numbers͒ of the spin-filtering defects with increasing L z .
In conclusion, the defect-engineered spin-filtering effect has been shown to be effective even in GaNAs QWs as narrow as 3 nm. The effect becomes stronger in the wider QWs and is shown to be mainly due to an increase in the sheet concentrations of the spin-filtering defects. Effects of quantum confinement on spin-filtering caused by changes of rates in BB carrier recombination and in CB electron spin relaxation are shown to play a less important role. The results provide a useful guideline for improving spin-filtering efficiency in quantum and nanostructures by means of increasing the concentration of the spin-filtering defects. 
